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Abstract 

BACKGROUND: Based on Euler/Cardan analysis, prior investigations have reported up to 80° of 

glenohumeral (GH) external rotation during arm elevation, which is dependent on the plane of 

elevation (PoE). However, the subtraction of Euler/Cardan angles does not compute the rotation 

around the humerus’ longitudinal axis (i.e. axial rotation). Clinicians want to understand the true 

rotation around the humerus’ longitudinal axis and rely on laboratory analyses to inform their 

understanding of underlying shoulder biomechanics – especially for the GH joint since its motion 

cannot be visually ascertained. True GH axial rotation has not been previously measured in vivo, 

and its difference from Euler/Cardan (apparent) axial rotation is unknown. 

 

RESEARCH QUESTION: What is the true GH axial rotation during arm elevation and external 

rotation, and does it vary significantly from apparent axial rotation and by PoE? 

 

METHODS: Twenty healthy subjects (10 M/10 F, ages 22-66) were recorded using biplane 

fluoroscopy while performing arm elevation in the coronal, scapular and sagittal planes, and 

external rotation in 0° and 90° of abduction. Apparent GH axial rotation was computed using the 

xz’y’’ and yx’y’’ sequences. True GH axial rotation was computed by integrating the projection of 

GH angular velocity onto the humerus’ longitudinal axis. One-dimensional statistical parametric 

mapping was utilized to compare apparent versus true axial rotation, axial rotation versus 0°, and 

detect differences in axial rotation by PoE. 
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RESULTS: In contrast to apparent axial rotation, true GH axial rotation does not differ by PoE and 

is not different than 0° during arm elevation at higher elevation angles. The spherical area 

between the sequence-specific and actual humeral trajectory explains the difference between 

apparent and true axial rotation. 

 

SIGNIFICANCE: Proper quantification of axial rotation is important because biomechanics 

literature informs clinical understanding of shoulder biomechanics. Clinicians care about true 

axial rotation, which should be reported in future studies of shoulder kinematics. 

 

Keywords: true axial rotation, biplane fluoroscopy, glenohumeral, kinematic analysis 
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Introduction 

Rotation of the humerus about its longitudinal axis, axial rotation, is one of the three 

primary axes of shoulder motion specified by the International Society of Biomechanics (ISB) [1]. 

Axial rotation range of motion (ROM) is critical in performing activities of daily living, and 

therefore is routinely measured by clinicians [2]. Beyond ROM, axial rotation is a key component 

to understanding how the synchronized multiaxial rotations of the sternoclavicular, 

acromioclavicular, scapulothoracic (ST), and glenohumeral (GH) joints produce smooth, pain-free 

shoulder motion [3]. Axial rotation can induce GH joint capsule twisting [4], which likely 

contributes to shoulder motion and stability, and is thus important for sport science 

investigations [5]. Patients with rotator cuff tears lose axial rotation ROM and strength [6], and 

these deficits may persist even after surgical treatment (e.g. reverse total shoulder arthroplasty) 

[7, 8]. Due to the central role of humerus axial rotation in human motion and investigating 

disease progression, accurate and consistent quantification is critical. 

In a clinical setting, axial rotation is commonly measured in the transverse and sagittal 

planes (Fig. 1). Researchers can measure axial rotation during compound 3D motions, and is 

predominantly calculated from Euler/Cardan angles, although its computation is subject to 

debate [1, 9-13]. Euler/Cardan decompositions are equivalent to the globe coordinate system 

[14, 15]. The third rotation axis is customarily utilized to determine humeral axial orientation [1, 

9, 10], with the forearm as a visual indicator of orientation. Although the distal humerus traces 

an irregular path along the globe, Euler/Cardan decompositions force it to travel strictly along 

the latitudes and longitudes, and the forearm to stay tangent to longitudes/latitudes [14] (Fig. 2). 

We term this artificially imposed path a sequence-specific trajectory. Herein, sequence-specific 
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axial orientation denotes the last component of a decomposition; sequence-specific apparent 

axial rotation is computed by subtracting two axial orientations; and true axial rotation denotes 

the actual rotation that occurs about the humerus’ longitudinal axis [12]. True axial rotation is 

computed by integrating the projection of GH angular velocity onto the humerus’ longitudinal 

axis [12]. Subtracting Euler/Cardan angles to obtain the rotation between two orientations is a 

common practice even though it is mathematically incorrect [16, 17]. Subtraction of the first two 

Euler angles does not compute a rotation, but it does quantify changes in latitude/longitude 

along the globe [18] – which has physical meaning. However, no physical interpretation can be 

attributed to subtraction of the 3rd Euler/Cardan angle, hence termed apparent axial rotation. 

The difference between apparent and true axial rotation is evident in Codman’s paradox 

as explained by both Miyazaki [12] and Pearl: “When the arm traces out any closed path on the 

surface of a sphere without rotation about its [longitudinal] axis, an induced change occurs in the 

[axial] orientation that is equal to the area enclosed by the path of the motion” [19]. Thus, the 

induced change in axial orientation (and apparent axial rotation) does not occur because of a 

physical rotation around the longitudinal axis, but simply because of changes in 

latitude/longitude (i.e. elevation/PoE, Fig. 2). Apparent axial rotation is pervasive in the literature 

[3, 20-22], even though it does not represent a physical rotation around the humerus’ 

longitudinal axis and impedes comparison between studies. Prior studies have reported up to 80° 

of apparent GH external rotation that depends on the PoE [3, 21]. However, other studies have 

shown slight internal rotation and that the choice of decomposition sequence greatly affects axial 

rotation [20]. True axial rotation has not been previously measured in-vivo in a healthy 

population for clinically relevant motions. Proper quantification of axial rotation is important 
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because biomechanics literature [3] informs both clinical understanding of shoulder 

biomechanics and textbook content [2], especially for the GH joint since its motion cannot be 

visually ascertained. 

In this investigation we analyzed true GH axial rotation and examined its difference from 

apparent GH axial rotation, for coronal plane abduction (CA), scapular plane abduction (SA), 

forward elevation (FE), external rotation in adduction (ER-ADD, Fig. 1A) and external rotation at 

90° of abduction (ER-ABD, Fig. 1B). Based on observing the rotation around the humerus’ 

longitudinal axis of GH animations created from biplane fluoroscopy, we hypothesized that 1) 

true GH axial rotation is zero during arm elevation for all PoE, 2) true, unlike apparent, GH axial 

rotation is not dependent on the PoE, 3) true GH axial rotation is significantly different than two 

common sequences (yx’y’’, xz’y’’) of apparent axial rotation during arm elevation, 4) for external 

rotation trials, the only difference between true and apparent axial rotation is for the yx’y’’ 

sequence during ER-ADD. 

The swing-spin [11] (tit-torsion [13]) decomposition, which has been proposed to provide 

a more natural representation of axial rotation, was also examined. In the swing-spin 

decomposition the humerus’ orientation is established in two steps: 1) a rotation aligns the 

humerus’ longitudinal axis from its neutral anatomical direction to its final direction (swing) – 

establishing both the PoE and elevation angle, and 2) a rotation around the longitudinal axis of 

the humerus establishes axial orientation (spin) [11, 13]. The PoE and elevation angle are 

equivalent between the yxy’’ sequence and the swing-spin decomposition [13]. However, the 

swing-spin axial orientation is equivalent to adding the PoE and axial orientation from the ISB-

recommended yx’y’’ sequence [13].  
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Methods 

The present analysis was performed on kinematic data previously collected in a study of 

healthy shoulder kinematics [23, 24]. Briefly, after obtaining informed consent (IRB 71782), 

twenty healthy subjects (10M/10F; 42±17 yrs; 172.3±8.8 cm; 69.9±15.7 kg; right-hand dominant) 

had the motion of their right humerus and scapula imaged at 100 Hz using a custom biplane 

fluoroscopy system (Radiological Imaging Services, Hamburg, PA). The position of reflective 

markers on the torso were recorded at 100 Hz using a ten-camera motion analysis system (Vicon 

Motion Systems, Oxford, UK). For elevation trials, subjects were instructed to elevate their right 

arm with the elbow fully extended and hand in the thumb up position at approximately 60°-90° 

per second. Elevation was performed in the coronal, scapular (30° anterior to coronal plane), and 

sagittal planes. For ER-ADD, subjects were instructed to maintain the elbow by their torso with 

the hand on the abdomen and thumb pointing up, and laterally rotate to their full ROM at 

~45°/sec (Fig. 1A). For ER-ABD, subjects were instructed to point their elbow towards their side 

while allowing the hand to hang naturally due to its weight, and laterally rotate up to their full 

ROM at ~45°/sec (Fig. 1B). 

3D models of the humerus and scapula were constructed from each subject’s CT scan. 

Model-based markerless tracking ascertained the 3D position and orientation of each bone 

model by semi-automatically aligning digitally reconstructed radiographs against each frame of 

the biplane fluoroscopy recordings [25, 26] . Anatomical coordinate systems of the humerus, 

scapula, and torso followed ISB recommendations [1] except that the glenoid center defined the 

lateral axis of the scapula. Utilizing the acromial angle excluded 4 trials due to humerus 

orientations reaching singularity (Appendix 2). 
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One subject (F, 51 years) was excluded from the analysis based on visual evidence of not 

establishing the thumb-up position at the beginning of the capture. The FE trial for one subject 

(M, 27 years) was excluded due a recording gap at the beginning of the trial. Humerothoracic 

(HT) elevation ROM of 25-130° was achieved by all included subjects/trials and was used for 

subsequent analysis. GH orientation trajectories were smoothed using a 7-frame moving-average 

quaternion filter [27]. GH orientation trajectories were interpolated in the 25-130° range every 

0.25 degrees using spherical linear interpolation [28]. Because minimal elevation occurs during 

ER-ADD and ER-ABD trials, they were instead interpolated at 0.25% increments between the start 

(0%) of the motion and maximum external rotation (100%). Axial orientation was quantified using 

the yx’y’’ Euler sequence as prescribed by ISB [1] and the xz’y’’ Cardan sequence.  The xz’y’’ 

sequence overcomes the numerical instability of yx’y’’ when the humerus is in adduction [10]. 

Apparent axial rotation was computed by subtracting the axial orientation at the start of the 

motion from all subsequent timepoints. Letting a0 and p0 represent axial orientation and PoE at 

the start of the motion, respectively, and ak and pk represent the same at time k, swing spin axial 

rotation was computed as: (ak + pk) - (a0 + p0). 

The angular velocity vector was extracted by computing the angular velocity tensor from 

GH orientation trajectories [29].  True GH axial rotation was computed by projecting GH angular 

velocity onto the humerus’ longitudinal axis and numerically integrating (trapezoidal rule) 

Equation (1) from the start of the motion to each timepoint in the motion capture [12] (Appendix 

3 also presents alternate methods). Let  represent true axial rotation at time  ,  represent 

GH angular velocity in the scapula’s frame and  represent the humerus’ longitudinal axis in the 

scapula’s frame. True axial rotation was computed as:  
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 (1) 

 

To ascertain integration drift due to linearization, GH trajectories computed from integrating the 

angular velocity vector [30] were compared against the original GH trajectories [31]. For each 

trajectory, the maximum difference was analyzed and did not reveal appreciable drift: 

0.13°±0.04° (maximum drift for all trajectories and all timepoints was 0.36°). 

One-dimensional statistical parametric mapping (SPM1D [32]) was utilized to: compare 

apparent axial rotation against true axial rotation (non-parametric, paired t-test) for all trials; 

compare GH axial rotation against the null hypothesis of 0° (non-parametric t-test) for elevation 

trials; detect differences in axial rotation between planes of elevation (one-way, repeated-

measured (RM), ANOVA). A significance level of 0.05 was utilized for all statistical tests. Since one 

FE trial was excluded due to a recording gap, the corresponding CA and SA trials for the same 

subject were excluded from the RM-ANOVA tests.  

The supporting dataset and code repository for all analyses are located at 

https://doi.org/10.5281/zenodo.4536683 and https://doi.org/10.5281/zenodo.4538959, 

respectively.  

https://doi.org/10.5281/zenodo.4536683
https://doi.org/10.5281/zenodo.4538959


True axial rotation of the humerus 
 

10 
 

Results 

GH true axial rotation did not differ from zero beyond 100° of HT elevation for CA, beyond 

83° of HT elevation for SA, and for all HT elevations angles for FE. At maximum HT elevation, GH 

true axial rotation was -5.7°±11.5° for CA, -4.2°±16.1° for SA, and 0.8°±12.9° for FE (Fig. 3D). True 

axial rotation did not differ between CA, SA, and FE. In contrast, there were differences between 

the three planes of elevation for xz’y’’ apparent axial rotation beyond 45° of HT elevation, for all 

HT elevation angles for yx’y’’, and for HT elevation angles <78° and >128° for the swing-spin 

decomposition (Fig. 3E-G). 

The xz’y’’ GH apparent axial rotation differed from true axial rotation for HT elevations 

>50° for CA, <29° and >91° for SA, and for all elevation angles for FE (Fig. 4A-C). At maximum HT 

elevation, the mean difference between xz’y’’ apparent and true axial rotation was 25.7°, 12.8°, 

and -28.9° for CA, SA, and FE, respectively. The yx’y’’ sequence differed from true axial rotation 

for all HT elevation angles for CA and SA but did not differ for FE (Fig. 4D-F). At maximum HT 

elevation, the mean difference between yx’y’’ apparent and true axial rotation was 30.1°, 27.2°, 

and -3.9° for CA, SA, and FE, respectively. The swing-spin decomposition differed from true axial 

rotation for HT elevation angles <120° for CA, <128° for SA and >95° for FE.  At maximum HT 

elevation, the mean difference between swing-spin apparent and true axial rotation was 11.8°, 

4.9°, and -30.0° for CA, SA, and FE, respectively. 

During ER-ABD, xz’y’’ GH apparent axial rotation was different than true axial rotation 

beyond 70% of motion completion (Fig. 5B). No other statistical differences between true and 

apparent axial rotation were found during ER-ABD and ER-ADD. At maximum external rotation, 

the mean difference between xz’y’’ apparent and true axial rotation was 0.2° and -5.5° for ER-
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ADD and ER-ABD, respectively (Fig. 5A-B). For yxy’’ these differences were -2.5° and 0.7° and for 

swing-spin they were -0.7° and -2.2° (Fig. 5C-D).  
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Discussion 

This investigation demonstrates that for arm elevation trials, true GH axial rotation is not 

significantly different than 0° beyond ~90° of HT elevation and does not vary by PoE (Fig. 3D). In 

contrast, prior Euler/Cardan analyses have reported apparent rotations from 5° of internal 

rotation up to 80° of external rotation that varies by PoE [3, 20, 21]. The large variability in prior 

axial rotation measurements is a consequence of the chosen decomposition sequences and 

provides limited insight into in-vivo GH joint kinematics. Our findings extend to other 

investigations. We computed true axial rotation from the mean GH trajectories published by 

Ludewig et al. and found that 1) true axial rotation converges between different PoE, while xz’y’’ 

apparent axial rotation diverges, and 2) at 120° of HT elevation the average true external axial 

rotation is at most 25° compared to 50° for apparent axial rotation (Appendix 4). This is notable 

because it would likely change the author’s conclusion that axial rotation varies by PoE and it 

may have changed the author’s conclusion that elevation is associated with external GH axial 

rotation (depending on subject-specific variability).  

 For all trials examined, the difference between true and apparent axial rotation could be 

predicted numerically to within 0.1° based on the closed path created by the actual and 

sequence-specific humeral trajectory [19, 33] (Fig. 2, data not shown, see code repository). The 

difference between xz’y’’ and true axial rotation is specified completely by the spherical area 

between the sequence-specific and actual humeral trajectory (Fig. 2A). In general, the spherical 

area increases in width from SA to CA to FE. Accordingly, apparent axial rotation will diverge from 

true axial rotation at higher elevation angles for SA and lower elevation angles for FE, with CA 

falling between (Fig. 4). For ER-ABD, xz’y’’ is significantly different than true axial rotation beyond 
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70% of motion completion, contrary to our hypothesis (Fig. 5). We assumed that the distal 

humerus remained stationary during ER-ABD, and hence the enclosed spherical area was 

negligible. But there was enough distal humerus movement to cause deviations from true axial 

rotation, although at maximum external rotation this difference was only ~5°. 

To explain the difference between yx’y’’ and true axial rotation, it is necessary to account 

for both the enclosed spherical area and the difference in the PoE from the start of the motion, 

since axial rotation of the humerus is utilized to establish the PoE (Appendix 1). To demonstrate 

this, imagine a subject performing CA with the forearm pointing anteriorly. Because of body 

habitus, the subject may be slightly elevated in the sagittal plane at the start of the motion 

resulting in the humerus being at 90° of external axial orientation (Fig. 6). As the subject elevates 

in the coronal plane, with the forearm still pointing anteriorly, the subject will arrive at 0° of axial 

orientation, which explains how changes in the PoE contribute to apparent axial rotation. The 

changes in PoE may be associated with body habitus or with numerical instability in computing 

the PoE while the arm is near the resting position [10].  This guided our hypothesis that yx’y’’ 

axial rotation is different than true axial rotation for ER-ADD. Indeed, there are large changes in 

yx’y’’ axial rotation for ER-ADD (Fig. 5) for individual subjects, but the means were unchanged. 

Large changes in PoE account for the characteristic large changes in axial rotation (both 

GH and HT) at the start of elevation trials seen herein (Appendix 5) and in prior studies [20-22]. 

In our analysis, the HT elevation range of 0°-25° accounted for up to 40% of changes in yx’y’’ GH 

apparent axial rotation (Fig. 3, 4). Furthermore, the yx’y’’ axial rotation changes at the start of 

elevation trials vary widely by subject (Appendix 5), leading to increased variability when utilizing 

the yx’y’’ sequence. This reduces the power of statistical tests to distinguish between different 
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groups (e.g. normal versus pathological). The increased variability is magnified when utilizing the 

ISB recommended acromial angle to establish the lateral direction of the scapula (Appendix 2). 

In contrast, true axial rotation is not affected by the anatomical landmarks used to establish the 

scapular coordinate system (Appendix 6). 

It is instructive and useful to account for the changes in axial rotation caused by changes 

in PoE for the yx’y’’ sequence. The swing-spin decomposition – previously proposed to provide a 

more natural representation of axial rotation [11, 13] – accomplishes this exact objective because 

the swing-spin axial orientation is equivalent to adding the PoE and axial orientation from the 

yx’y’’ sequence [13]. Qualitatively, swing-spin agrees with true axial rotation more closely than 

yx’y’’ (Fig. 4, 5). However, past ~130° of HT elevation for CA and SA, and past ~100° of HT elevation 

for FE, swing-spin deviates sharply from true axial rotation. This can be explained by the large 

increase in spherical area for the yx’y’’ decomposition past the aforementioned HT elevation 

angles (Fig. 2). The typical yx’y’’ decomposition does not suffer from the same sharp changes in 

axial rotation at higher HT angles because changes in spherical area are balanced by changes in 

PoE. 

Although apparent can vary from true GH axial rotation in subtle ways, the following 

statements will largely hold true: 1) xz’y’’ axial rotation most closely resembles true axial rotation 

for PoEs close to the scapular plane and at lower HT angles, 2) swing-spin should be favored over 

normal yx’y’’ axial rotation when interpreting prior studies for HT elevation angles lower than 

130° for CA and SA, and lower than 100° for FE, and 3) for ER-ABD and ER-ADD either xz’y’’ or 

swing-spin axial rotation may be utilized. The swing-spin axial rotation works well even when the 

acromial angle is utilized (Appendix 2) and when analyzing HT axial rotation (Appendix 7). 
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This investigation demonstrates that true axial rotation should be computed during 

kinematic analysis to both mathematically and physically quantify axial rotation correctly. 

Because true axial rotation quantifies the actual rotation around the humerus’ longitudinal axis, 

it is a quantity that closely aligns with a clinician’s expectation of axial rotation [34]. Apparent 

axial rotation should be avoided because it differs from true axial rotation based on 

decomposition sequence and PoE, and it is subject to numerical instabilities. These effects are 

compounded when considering multiplanar movements because the spherical area between the 

actual and sequence-specific trajectory is magnified. Although the spherical area explains the 

difference between apparent and true axial rotation, true axial rotation can be efficiently 

computed from angular velocity as defined by Miyazaki et al. [12] (Appendix 3). This definition 

elucidates that true axial rotation is a scalar (zero-order tensor) coordinate-system invariant 

quantity which depends only on the definition of the humerus’ longitudinal axis and is not 

affected by the anatomical coordinate system of the scapula (Appendix 6). Furthermore, unlike 

apparent axial rotation, true axial rotation is not affected by singularities. 

True axial rotation complements the globe coordinate system. Changes in 

longitude/latitude determine changes in the direction of the longitudinal axis, and true axial 

rotation measures the rotation about the longitudinal axis. Because true axial rotation is a path-

dependent quantity [12] it accounts for how a motion is performed, making it a good candidate 

for exploring compensatory kinematic patterns. However, true axial rotation does not measure 

axial orientation: a motion trajectory is necessary to compute angular velocity and perform 

integration. Euler/Cardan angles can be utilized to quantify axial orientation. For example, the 

yx’y’’ sequence provides a simple measure of axial orientation by quantifying the elbow axis angle 
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against a horizontal plane. However, caution must be exercised when presenting axial orientation 

plots because – at least in biomechanics – the changes conveyed in these plots are (incorrectly) 

associated with axial rotation [16]. Furthermore, Euler/Cardan angles fail to provide a consistent 

axial orientation measure against an axis because 0° of axial orientation varies based on the 

position of the distal end of the humerus on the globe (Fig. 6). Further research is necessary to 

determine a method for measuring axial orientation consistently, especially when analyzing goal-

oriented tasks/poses.  

The benefits of using true, rather than apparent, axial rotation are numerous and it should 

be the preferred method of computing axial rotation. Most importantly, it measures the actual 

rotation around the longitudinal axis of the humerus. This is a quantity that clinicians easily intuit 

and is useful in understanding the kinematics of the shoulder joint. To increase reproducibility 

and ease the transition to true axial rotation, this manuscript is accompanied by a data and code 

repository that includes Python, MATLAB, and Visual3D functions for computing true axial 

rotation. 
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Fig. 1: Graphical depiction of external rotation in the transverse plane (A, External Rotation in Adduction, 

ER-ADD) and external rotation in the sagittal plane (B, External Rotation at 90° of Abduction, ER-ABD). For 

ER-ADD trials, subjects were instructed to maintain the elbow by their torso with the hand on the 

abdomen and thumb pointing up, and to laterally rotate to their full ROM at ~45°/sec. For ER-ABD trials, 

subjects were instructed to point their elbow towards the side of the room while allowing the hand to 

hang naturally due to its weight, and laterally rotate up to their full ROM at ~45°/sec.  Green lines denote 

the starting position of the forearm axis, and red lines denote the ending position of the forearm axis. 
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Fig. 2: Spherical area illustrations for arm elevation motions. The xz’y’’ (A) and the yx’y’’ (B) 

decompositions yield the sequence-specific humeral trajectory (brown), where the actual humeral 

trajectory (blue) is shown for coronal plane abduction (left), scapular plane abduction (middle), and 

forward elevation (right). Apparent GH axial rotation is computed by following the sequence-specific 

humeral trajectory, while true GH axial rotation is computed by following the actual humeral trajectory. 

The spherical area encompassed between the two trajectories represents the absolute value of the 

difference between apparent and true axial rotation. Appendix 1 details how the paths were constructed. 

The position of the distal humerus on the sphere at 30°, 90°, and 120° of HT elevation is indicated on the 

sphere to demonstrate how the spherical area changes with increased HT elevation angles. 
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Fig. 3: Comparison between the coronal, scapular, and sagittal planes of elevation for true (D), xz’y’’ (E), 

yx’y’’ (F), and swing-spin (G) GH axial rotation. The left column portrays the axial orientation plots for xz’y’’ 

(A), yx’y’’ (B), and swing-spin (C) from which apparent axial rotation was derived. The singular data points 

indicate axial orientation/rotation at minimum/maximum HT elevation (differs by subject). The errors bars 

around the singular data point and the shaded regions indicate ±1 standard deviation. The black solid line 

at the top of plots on the right column indicates regions where a SPM1D one-way repeated-measures 

ANOVA test found a difference in axial rotation between planes of elevation (CA, SA, FE) – a 

suprathreshold event. The following suprathreshold events exceeded p≤0.001: swing-spin between 25°-

78° of HT elevation (p=0.006), and beyond 128° of HT elevation (p=0.050). The colored solid lines (green 

for CA, purple for SA, and orange for FE) at the top of plots on the right column indicate regions where a 

SPM1D non-parametric t-test found significant differences from 0° of axial rotation. The following 

suprathreshold events exceeded p≤0.001: true axial rotation for SA (p=0.002), xz’y’’ for SA between 122°-

130° of HT elevation (p=0.02), swing-spin for FE (p=0.002). 
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Fig. 4: Comparison of xz’y’’ (A-C), yx’y’’, and swing-spin (D-F) apparent GH axial rotation versus true GH 

axial rotation for CA (A, D), SA (B, E), and FE (C, F). The singular data point indicates axial rotation at 

maximum HT elevation (differs by subject). The errors bars around the singular data point and the shaded 

regions indicate ±1 standard deviation. The solid lines (orange for xz’y’’, green for yx’y’’, and magenta for 

swing-spin) at the top of each plot indicate regions where a SPM1D non-parametric paired t-test found 

significant differences between apparent and true axial rotation. The following suprathreshold events 

exceeded p≤0.001: xz’y’’ for SA between 25°-29° of HT elevation (p=0.020), and between 91°-130° of HT 

elevation (p=0.003). 
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Fig. 5: Comparison of xz’y’’ (A, B), yx’y’’, and swing-spin (C, D) GH apparent axial rotation versus true GH 

axial rotation for ER-ADD (A, C) and ER-ABD (B, D). Trials were interpolated at 0.25% increments between 

the start (0%) of the motion and maximum external rotation (100%). The shaded regions indicate ±1 

standard deviation. The solid lines (orange for xz’y’’, green for yx’y’’, and magenta for swing-spin) at the 

top of each plot indicate regions where a SPM1D non-parametric paired t-test found significant 

differences between apparent and true axial rotation. The following suprathreshold events exceeded 

p≤0.001: xz’y’’ for ER-ABD beyond 70% of motion completion (p=0.002).  
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Fig. 6: Illustration of how changes in PoE affect axial rotation as measured by the yx’y’’ sequence during 

CA, with the forearm (black rectangle) pointing anteriorly. Because of body habitus and posture, in the 

initial pose the humerus is slightly elevated (20°) in the sagittal plane. Since for the yx’y’’ sequence axial 

orientation is measured from an axis (green) that is tangent to the latitude (yellow circle), one would 

measure 90° of external axial orientation. As the subject elevates in the coronal plane, with the forearm 

still pointing anteriorly, they arrive at 20° of GH elevation in the coronal plane. Here the forearm is already 

colinear with the axis that is tangent to the latitude (yellow circle), therefore one would measure 0° of 

axial orientation. Hence, between these two poses, apparent axial rotation dictates that the humerus 

underwent 90° of internal axial rotation – which does not correspond to the actual rotation about the 

humerus’ longitudinal axis. 

 


